Adenosylcobalamin or coenzyme B,,-dependent enzymes are members of the still relatively small group of radical enzymes and catalyse 1,2-rearrangement reactions. A member of this family is methylmalonyl-CoA mutase, which catalyses the isomerization of methylmalonyl-CoA to succinyl-CoA and, unlike the others, is present in both bacteria and animals. Enzymes that catalyse some of the most chemically challenging reactions are the ones that tend to deploy radical chemistry. T h e use of radical intermediates in an active site lined with amino acid side chains that threaten to extinguish the reaction by presenting alternative groups for abstraction poses the conundrum of how the enzymes control their reactivity. In this review, insights into this issue that have emerged from kinetic, mutagenesis and structural studies are described for methylmalonyl-CoA mutase.
Introduction
Of the very large number of biochemical reactions that give rise to the complex metabolomes in organisms, only a very small subset are presently known to involve radical intermediates. These reactions are typically dependent on metal and/or organic cofactors that facilitate radical-based transformations of substrates. One such cofactor is coenzyme B,, (5'-deoxyadenosine cobalamin ; AdoCbl), which functions as a radical reservoir in a subclass of B,,-dependent enzymes that catalyse 1,2-rearrangement reactions in which a variable group and a hydrogen atom on vicinal carbons interchange positions (Figure 1 ) [l] .
T h e reactions begin with the homolytic cleavage of the Co-carbon bond of the cofactor (step i).
T h e products are cob( 1I)alamin and the deoxyadenosyl radical, and it is the latter that initiates radical propagation by abstraction of a hydrogen atom from the substrate to form a substrate-centred radical (step ii). This results in the intermolecular transfer of a hydrogen atom from the substrate to the cofactor and is followed by an intramolecular migration of -X, the variable group, to generate a product-centred radical (step iii). T h e latter re-abstracts a hydrogen atom from deoxyadenosine (step iv), and recombination of the cofactor-borne radicals regenerates AdoCbl and completes a catalytic cycle.
T h e turnover cycle thus involves an intermolecular transfer of a hydrogen atom and an intramolecular transfer of X between adjacent carbons. A prediction of this mechanism is that biradical intermediates are present during catalysis, and this is borne out by EPR spectroscopy of these enzymes, which reveals the presence of paramagnetic intermediates in which one of the radicals is centred on the cobalt, and the other is organic (e.g. see .
T w o strategically important issues for AdoCbl-dependent enzymes are controlling the timing of the Co-carbon bond homolysis step so -that the cofactor-based radicals are poised for radical chain propagation, and controlling radical trajectories as radicals are transferred over significant distances in the active site [6] . Both are key to minimizing inadvertent side reactions, which would lead to the extinguishing of the reactive radical intermediates, and therefore to enzyme inactivation. In the present review, the strategies that appear to be deployed by coenzyme Bizdependent enzymes to control radical initiation and movement during the catalytic cycle are discussed from the perspective of the reaction catalysed by methylmalonyl-CoA mutase.
Methylmalonyl-CoA mutase is the only member of the class of B,,-dependent isomerases that is found in both microbes and mammals [7, 8] . It catalyses the isomerization of methylmalonylCoA to succinyl-CoA, and represents a useful means of converting catabolites of odd-chain fatty acids, branched-chain amino acids and cholesterol to a useful metabolite. In some bacteria, such as Propionibacterium shermanii, the mutase is important in the reverse metabolic direction, linking production of propionate to succinate in a pathway that was elucidated by Wood and co-workers [9]. The recombinant enzyme from P . shermanii has been studied extensively, since its successful expression in Escherichia coli was first reported [lo] .
T h e enzyme is a heterodimer composed of a large and small subunit, with molecular masses of 80.1 and 69.5 kDa respectively. A single cobalamin is bound/mol of heterodimer in the large subunit.
T h e crystal structure of recombinant P. shermanii enzyme and of two different mutants are available, and represent a rich source of information on the constellation of residues in the active site and the docking of the cofactor [ll-151. As predicted from sequence similarity [16] and spectroscopic [ 171 studies, the cofactor is bound in
the endogenous lower axial ligand, dmb, is displaced from the cobalt and replaced by His-610 donated by the protein. T h e histidine is laced in a hydrogen-bonding network involving Asp-608, and also Lys-604, which appears to be important for organizing a high-affinity cofactor-binding site [18] . The peripheral propionamide and acetamide side chains of the cofactor are involved in hydrogen-bonding interactions, and presumably contribute to its high affinity binding with the mutase active site ( K , 0.17f0.01 ,uM [19] ). is movement is accompanied by repositioning of a key active-site residue, Tyr-89, which is positioned above the deoxyadenosine moiety of the cofactor in the absence of substrate. It moves into the area previously occupied by the deoxyadenosine moiety and may be important in making the Co-carbon bond more sterically labile [12] .
An aromatic corridor comprising the activesite residues, Tyr-89, Tyr-243 and His-244 hems the substrate into the active site (Figure 2) , and the roles of some of these residues have been examined by mutagenesis, as described below. The charge on the carboxyl group of the substrate is neutralized by Arg-207, along with hydrogen-bonding interactions with His-244 and Tyr-89 (Figure 3 Active-site residues in methylmalonyl-CoA mutase Cobalamin is shown in cartoon form, and only a portion of the substrate IS shown. The structure was generated from the protein database file, 4REQ. L Y243 cobalamin unpublished work). In the wild-type enzyme, modelling studies indicate that the methyl group of the S-isomer would clash sterically with , thus excluding it from the active site. It is possible that in the Tyr-89 -+ Ala (and possibly the Tyr-89 + Phe) mutant, both the 2R-and 2S-isomers of methylmalonyl-CoA can bind to the enzyme active site, explaining the increase in K , with this substrate, but that only the 2R-isomer can undergo the rearrangement reaction.
T h e Co-carbon bond homolysis step has been characterized in detail by pre-steady-state kinetic analysis [21, 22] . T h e rate of homolytic cleavage induced by the presence of substrate is rapid, and not rate-determining [21, 22] . In contrast, thermolysis of AdoCbl is characterized by an unfavourable equilibrium, and occurs with a rate constant of approx. 9 x lo9 s-l at 37 "C [23, 24] .
Methylmalonyl-CoA mutase accelerates the homolysis step 0.9 x 10"-fold, which corresponds to a lowering of the transition-state barrier by 71.1 kJ/mol. Interestingly, homolysis of the Cocarbon bond is sensitive to deuterium substitution in the methyl group of the substrate, and displays an anomalously large isotopic discrimination, which ranges from 49.9 to 35.6 between 5 to 20 "C [25] . These results are interpreted as evidence for kinetic coupling, whereby an unfavourable equilibrium for the homolytic cleavage step is overcome by coupling to the favourable substrate radical generation step :
Arrhenius analysis of the temperature-dependence of the isotope effect provides strong evidence for quantum mechanical tunnelling during the transfer of a hydrogen atom from the substrate to the deoxyadenosyl radical [25] . These studies provide insights into how the enzyme achieves control over the timing of the Co-carbon bond homolysis step. In the absence of the substrate, the equilibrium for Co-carbon bond cleavage favours geminate recombination. Therefore the radical products, cob( 1I)alamin and deoxyadenosine, do not accumulate at detectable levels. Binding of the substrate is favourable (with a AG of -21.8 kJ.mol-'), and alters the equilibrium so as to favour forward propagation of the radical. Hence kinetic coupling is utilized by the enzyme to prevent dissipation of the cofactor's radical reservoir.
T h e rearrangement catalysed by AdoCbldependent enzymes occurs under aerobic conditions, bringing us to the second key strategic issue, which is how radical trajectories are controlled so that the radicals are not intercepted by oxygen and so that a hydrogen atom from an incorrect position is not abstracted during the radical propagation steps. Insights into the aerobic stability of the reaction catalysed by methylmalonyl-CoA mutase emerge from the crystal structure and from limited mutagenesis studies of active-site residues. T h e crystal structure of methylmalonyl-CoA mutase reveals a deeply buried active site that is sealed off from solvent by the clamping in of the protein around the substrate [12] . T h u s entry of substrate into the active site induces a fairly significant conformational change, which results in a solvent-filled cavity running through a T I M barrel becoming occupied by the CoA tail of the substrate.
Mutagenesis of His-244, a residue that is in hydrogen-bonding distance to the carbonyl group of CoA and to the carboxylate of substrate (Figure 2) alters the sensitivity of the enzyme to oxygen [15, 26, 27] . This residue is also postulated to play a role in facilitation of the rearrangement step. A b initio molecular orbital theory calculations predict that partial proton transfer can contribute significantly to the lowering of the barrier for the rearrangement reaction [28, 29] . Mutation of His-244 leads to an approx. 300-fold lowering in the catalytic efficiency of the enzyme and loss of one of the two titratable pK, values that govern the activity of the wild-type enzyme [27] . Significantly, the His-244 mutants display an acute sensitivity to oxygen, and the intermediate, cob( II)alamin, accumulates as hydroxocob( 111)-alamin, an inactive species partitioning once every 22 turnovers. In contrast, the oxidative inactivation of the wild-type enzyme is approx. 1.5 x 105-fold lower than in the mutant [15] . T h e crystal structure of the His-244 -+ Ala mutant is superimposable on that of the wild-type enzyme, except for the cavity created by the absence of the imidazole side chain that is occupied by water [15] . Thus this active-site residue, which is nevertheless deeply buried, plays a critical role in protecting the enzyme from radical scavengers in the semianaerobic milieu that the enzyme normally operates in.
Crystal structures of a related enzyme, glutamate mutase, provide novel insights into how the enzyme controls radical trajectories during propagation, thereby minimizing inadvertent hydrogen atom abstractions from other residues in the active site [30] . Intermolecular transfer of hydrogen atoms occurs between the substrate and the deoxyadenosine moiety of the cofactor, and the radicals are shuttled between the two locations via a conformational toggle of the ribose ring of deoxyadenosine ( Figure 3 ). Thus, in the radical pair intermediates formed immediately following homolysis, the 5' CH, group of the ribose is axially directed toward the cobalt. Pseudorotation of the ring results in juxtaposition of the 5' CH, group on the substrate hydrogen atom targeted for abstraction. Thus the enzyme appears to have evolved an elegant solution for controlling the reach of the highly reactive radicals that participate in the catalytic cycle by controlling the geometry of the radical delivery system, i.e. the ribose ring of deoxyadenosine ! In summary, kinetic and mutagenesis studies have revealed strategies utilized by the methylmalonyl-CoA mutase for protecting its radical reservoir and radical intermediates from oxidative interception. In addition, crystal structures of AdoCbl-dependent enzymes have provided intriguing insights into the important issue of how the reactivity of radical intermediates is controlled in the active site so that undesired side reactions are suppressed.
